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Edited by Giulio Superti-FurgaAbstract Kinetochores are protein scaﬀolds coordinating the
process of chromosome segregation in mitosis. Kinetochore com-
ponents are organized in functionally and topologically distinct
domains that are designed to connect the sister chromatids to
the mitotic spindle. The inner kinetochore proteins are in direct
contact with the centromeric DNA, whilst the outer kinetochore
proteins are responsible for binding to spindle microtubules. The
conserved Ndc80 complex is implicated in several essential outer
kinetochore functions, including microtubule binding and control
of a safety device known as the spindle assembly checkpoint.
Here, we describe how current work is contributing to unravel
the complex endeavors of this essential kinetochore complex.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The name ‘‘mitosis’’ describes the equational division of a
cell, a process whose outline is similar in all eukaryotes [1].
In mitotic prometaphase, a microtubule-based structure
named the spindle captures and aligns the replicated chromo-
somes (sister chromatids) on the spindle’s equatorial plane.
After alignment (metaphase), the sisters separate towards
opposite spindle poles (anaphase), giving birth to two new cells
(telophase and cytokinesis). A critical requirement for the
seamless execution of this process is that chromosomes form
stable attachments with spindle microtubules. The molecular
machinery responsible for creating such attachments resides
at kinetochores, scaﬀolds that contain 100 or more proteins
assembled around a nucleus of centromeric DNA [2,3]. Defects
in chromosome attachment arise after interfering with the
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ieties. Pudue to various, pleiotropic deleterious eﬀects on the structural
organization of the kinetochore. Speciﬁcally for this reason,
and is spite of recent formidable progress in the elucidation
of kinetochore composition and organization, it has been dif-
ﬁcult to pinpoint speciﬁc proteins or protein complexes
responsible for microtubule binding [4–7]. The application of
strategies of biochemical reconstitution, and their combination
with sophisticated imaging techniques and high-resolution
structural approaches, has ﬁnally directed the search to the
proteins that are directly involved in microtubule–kinetochore
attachment. These studies, which we review here, identify the
Ndc80 kinetochore complex (Fig. 1) as a key player at the
kinetochore–microtubule interface.2. Kinetochores in brief
Kinetochores assemble around selected DNA segments
known as centromeres. The ‘‘point’’ centromeres of Saccharo-
myces cerevisiae’s are compact loci of 150 bp of DNA that
contain distinct cis-acting protein binding regions [2,8,9]. The
centromeric DNA wraps around a specialized nucleosome
marked by the presence of the centromere-speciﬁc Histone
H3 variant Cse4 (known as CENP-A in metazoans). The
Cse4/CENP-A-containing nucleosome is the scaﬀold on which
the rest of the kinetochore is built (Fig. 2). The kinetochores of
Saccharomyces cerevisiae bind a single microtubule. Most
eukaryotes have extended ‘‘regional’’ centromeres, which
encompass several kilobases of DNA and are packaged into
heterochromatin [2,9]. The regional centromeres of S. pombe
and of most metazoans sustain larger kinetochores that attach
to ﬁbers containing multiple microtubules (kinetochore- or
K-ﬁbers, usually containing 15–25microtubules in human cells).
Direct visualization of the kinetochore by electron microscopy
in higher eukaryotes reveals a trilaminar disk, with an electron
dense inner plate embedded in the centromeric chromatin, an
electron opaque middle layer, and an electron dense outer
plate engaged in end-on binding of the microtubule plus ends
[2]. To understand the relationship between point and regional
centromeres, it is important to state that the histone variant
Cse4/CENP-A is not only present at centromeres of S. cerevi-
siae, but that it also marks the regional centromeres of higher
eukaryotes. Several other kinetochore proteins known to inter-
act with the Cse4/CENP-A nucleosome are also conserved in
evolution [2,9]. This observation suggests that regional centro-
meres have a modular organization in which an array ofblished by Elsevier B.V. All rights reserved.
Fig. 2. Microtubule–kinetochore attachment. A stylized view of the microtubule–kinetochore interface. The inner plate rests on centromeric
chromatin containing the histone H3 variant CENP-A. The Spc24–Spc25 sub-complex possibly mediates the interaction of the Ndc80 complex with
the inner kinetochore (see text). The globular heads of Ndc80/Hec1 and Nuf2 are embedded in the outer kinetochore domain and interact directly
with the microtubules. Mtw1/Mis12 might act as a linker between the Ndc80 complex and KNL1/Spc105. MCAK forms rings around microtubules
and might act as a functional homologue of the Dam/DUO/DASH complex.
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Fig. 1. General properties of the Ndc80 complex (A) Schematic view of the subunits of the Ndc80 complex, reporting their size and introducing
coloring scheme used in other panels and ﬁgures. Rectangular shapes are drawn to scale. (B) Model of the Ndc80 complex including domains whose
structure has been determined. The microtubule-binding domain includes the globular heads of Ndc80/Hec1 and Nuf2. The globular head of Ndc80/
Hec1 contains a Calponin-homology domain [37]. It is unclear whether a similar domain is contained in the Nuf2 globular head. The Ndc80/Hec1
region N-terminal to the CH-domain contains several sites of phosphorylation by the Aurora B/Ipl1 kinase [27,37,38]. The entire central shaft is
made of coiled-coils from Nuf2–Ndc80/Hec1 and Spc24–Spc25 dimers. These meet in a tetramerization domain where the four chains overlap.
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the single one predicted to exist in S. cerevisiae, generate kineto-
chore ‘‘units’’ that co-orient to bind microtubules emanating
from the same spindle pole [2].3. Ndc80 at kinetochores
The Ndc80 complex is conserved from fungi to humans. It
contains four protein subunits, known as Ndc80 (the human
2864 C. Ciferri et al. / FEBS Letters 581 (2007) 2862–2869protein is also known as Hec1, for Highly Expressed in Cancer
1), Nuf2, Spc25, and Spc24 [10–25] with predicted molecu-
lar weights in humans of 73.9 kDa, 54.3 kDa, 26.1 kDa, and
22.4 kDa, respectively (Fig. 1A).
The Ndc80 complex localizes at centrosomes during inter-
phase [20], but it is currently unknown whether its localization
there is functionally signiﬁcant. From late G2 phase, the
Ndc80 complex relocates to the kinetochore outer plate, where
it remains stably bound at nearly constant levels until late ana-
phase [20,24–28]. Quantiﬁcations of distinct kinetochore pro-
teins in diﬀerent species estimated that there might be 1000
copies of the Ndc80 complex on vertebrate kinetochores and
8 in S. cerevisiae [29,30]. What fraction of these is directly in-
volved in the functions of the Ndc80 complex at kinetochores
is currently unclear. Does the Ndc80 complex at outer kineto-
chores contribute directly to microtubule binding? In S. cerevi-
siae, the Ndc80 complex is required for the initial, lateral
association of kinetochores with microtubules, which might
precede the formation of stable end-on attachments [4]. Simi-
larly, analyses in diﬀerent organisms and cell culture systems
have demonstrated that interference with the Ndc80 complex
aﬀects microtubule–kinetochore attachment, chromosome
congression and chromosome segregation [6]. The interpreta-
tion of these results, however, has been controversial due to
the role of the Ndc80 complex in kinetochore architecture
and stability. The depletion of Ndc80 and Nuf2 in diﬀerent
organisms results in the mislocalization of several kinetochore
proteins, including the Nup107–160 nuclear pore complex, and
components of the spindle assembly checkpoint (for instance,
see references [22,25,28,31–36]. Direct visualization of kineto-
chores in Ndc80-depleted cells by electron microscopy demon-
strated a severe perturbation of the architecture of the
kinetochore outer plate and a strong reduction in the number
of attached microtubule plus ends [26,28].
These uncertainties were ﬁnally overcome when biochemical
reconstitution was utilized to identify microtubule-binding
activities in outer kinetochore proteins [37,38]. This showed that
the Ndc80 complex interacts directly, albeit at low aﬃnity, with
the microtubule lattice [7,37,38]. At kinetochores, the Ndc80
complex interacts with several additional kinetochore proteins
and protein complexes. These include the KNL1/Spc105
and the Zwint-1 polypeptides, the Mtw1/Mis12 complex (also
known asMIND complex), and the Ctf19 complex (also known
as COMA complex) [21,23,35,38–46]. All these proteins and
protein complexes, with the possible exception of Zwint-1, are
conserved in all eukaryotes. The interaction of the Ndc80
complex KNL1/Spc105 and the Mtw1/Mis12 complex is partic-
ularly important. These proteins formwhat appears to be a stoi-
chiometric complex, now known as the KMN network (for
KNL1, Mtw1/Mis12 complex, and Ndc80) [38]. As explained
more thoroughly below, KNL1/Spc105 also contains amicrotu-
bule-binding region, and the binding interaction of the Ndc80
complex with KNL1/Spc105 is important to create a high-aﬃn-
ity microtubule-binding site [38].4. Structure of the Ndc80 complex
Biochemical reconstitution, hydrodynamics, and low-resolu-
tion structural methods have been instrumental to realize that
the 4-subunit Ndc80 complex assembles into a 57 nm-longrod containing globular domains at either end of a central
shaft [47,48] (Fig. 2). Each of the four subunits is present in
a single copy in the Ndc80 complex (Fig. 1B), forming a
tetrameric assembly of 170–190 kDa in diﬀerent species
[29,35,48]. The central shaft connecting the globular heads
hosts the coiled-coil regions of the four subunits (Fig. 1B). This
arrangement is made possible by the interaction of two discrete
sub-complexes containing Ndc80/Hec1–Nuf2 and Spc24–
Spc25. Each sub-complex contains a globular head and a
coiled-coil region, but in reverse order (Fig. 1B), so that their
coiled-coil regions form an uninterrupted rod after joining in a
tetramerization domain [47,48] (Fig. 2). With its 57 nm long
axis, the Ndc80 might cross the middle layer of the kineto-
chore, projecting the globular heads of the Spc24–Spc25 sub-
units toward the centromere, and the globular heads of the
Ndc80/Hec1–Nuf2 sub-complex toward the microtubule-bind-
ing interface (Fig. 2). This arrangement is consistent with
recent high-resolution light-microscopy investigations [27,49].
It is also consistent with studies showing that the Spc24–
Spc25 sub-complex is delivered to kinetochores in the absence
of the Ndc80/Hec1–Nuf2 moiety, and that the Spc24–Spc25
sub-complex is required for kinetochore localization of
Ndc80/Hec1–Nuf2, whilst the opposite does not appear to be
true [24,48,49]. Thus, the Ndc80 complex probably orients
perpendicularly to the kinetochore outer surface, bridging be-
tween microtubules and the centromere, and using the Spc24–
Spc25 sub-complex to interact with an as yet unknown kineto-
chore receptor (see below and Fig. 2).
The globular head of the Ndc80/Hec1–Nuf2 sub-complex
contains a microtubule-binding domain [37,38] (Fig. 1B).
The Ndc80/Hec1–Nuf2 dimeric head binds to microtubule in
the absence of the Spc24–Spc25 binding partner [37,38].
A key ﬁnding to understand how the Ndc80/Hec1–Nuf2 dimeric
head binds to microtubules is that the N-terminal globular re-
gion of Ndc80 folds as a calponin-homology (CH) domain
[37]. CH-domains are contained in actin-binding proteins such
as ﬁmbrin or a-actinin, where tandemly repeated CH-domains
promote high-aﬃnity actin binding [50]. CH-domains are also
present in the microtubule-binding protein EB1. Although
there is a single CH-domain in EB1, this protein binds to
microtubules after forming stable dimers through a coiled-coil
dimerization domain [51]. The CH-domain of Ndc80/Hec1 has
so far escaped detection due to its very limited sequence iden-
tity with other CH-domains (10%), and structure determina-
tion was instrumental for its discovery [37]. It is unclear
whether the CH domain of Ndc80/Hec1 is suﬃcient to bind
microtubules, but it seems plausible that neighbouring struc-
tural elements are also important, at least for the purpose of
modulation. Speciﬁcally, an 80-residue N-terminal extension
of Ndc80 is required for high-aﬃnity microtubule binding
[27,37,38]. This segment of Ndc80/Hec1 is a site of regulation
by the Aurora B/Ipl1 kinase (see below). Weather the Nuf2
head also contributes to microtubule binding is unknown.
The structure of this region has not been yet characterized.
It is possible that it contains another unrecognized CH-domain
ﬂanking the one in the Ndc80/Hec1 subunits. Alternatively, the
CH-domain ofNdc80/Hec1 might cooperate with the CH-do-
main of other proteins, such as EB1, to promote high-aﬃnity
microtubule binding.
The Ndc80/Hec1–Nuf2 globular region connects to a 400-
residue- long parallel coiled-coil [47,48]. The exact register of
the Nuf2 and Ndc80/Hec1 chains and of the Spc24 and
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known. Based on the overall length of the Ndc80 complex, it
is predicted that the coiled-coils of the Ndc80/Hec1–Nuf2
and Spc24–Spc25 sub-complexes are unlikely to revert their
direction along the central shaft. The electron micrographs
of the rotary-shadowed Ndc80 complex from S. cerevisiae have
revealed that the central shaft is allowed to bend considerably,
suggesting that the coiled-coil occupying this part of the mol-
ecule is not completely rigid [47]. The tetramerization domain
between the two sub-complexes is proposed to involve the
C-termini of the Ndc80/Hec1–Nuf2 coiled-coil and the N-ter-
mini of the Spc24–Spc25 coiled-coils (Fig. 1B). The detailed
organization of this domain has so far escaped high-resolution
structural analysis. When reconstituted in vitro, the four sub-
units of the tetrameric assembly of the Ndc80 complex remain
tightly associated through several steps of puriﬁcation, indicat-
ing that they bind each other with very high aﬃnity [47,48].
Whether association and dissociation of the Ndc80 subunits
is regulated in vivo is currently unknown.
The crystal structure of the yeast Spc24–Spc25 globular do-
main has been reported [52]. The two subunits are tightly asso-
ciated in a single globular entity through a highly conserved
interface. A few conserved exposed residues deﬁne a putative
site of interaction with other (yet unknown) kinetochore part-
ners [52].5. The kinetochore–microtubule interface
In several experimental systems, the depletion of the Ndc80
complex does not completely hamper microtubule–kineto-
chore attachment [4–7,53]. The attachments formed in the ab-
sence of Ndc80, however, are unstable and usually fail to
support chromosome congression and segregation. This phe-
notype is relatively mild if compared to the eﬀects of depleting
more chromatin-proximal kinetochore components, such as
CENP-A and CENP-C, which constitute the core of the kine-
tochore, and which result in a complete failure of chromosome
segregation [4–7,53]. These observations are consistent with
the idea that there are multiple microtubule-binding activities
at the kinetochore, each of which contributes to diﬀerent as-
pects of the establishment of tight kinetochore–microtubule
connections. Besides the Ndc80 complex, these additional
microtubule-binding activities include several microtubule +
end 8 tracking proteins (the so-called +TIPs) such as Bik1p/
CLIP170, Bim1p/EB1, and Stu2p/ch-TOG; the kinesin-like
protein CENP-E (in metazoans); Kar3p (in S. cerevisiae);
and cytoplasmic Dynein together with several proteins con-
nected with its function, such as Lis1 and Ndel1 [5]. In the fu-
ture, it will be essential to understand how the Ndc80 complex
and its partners in the KMN network interact with other
microtubule-binding proteins at the kinetochore. A hint as to
how this might occur was provided by the dissection of the
process of microtubule capture of single unattached kineto-
chores created ad hoc in S. cerevisiae [4].
Another important question regards the function and orga-
nization of the KMN network [21,23,38,43,44]. Within the
KMN network, at least another protein, KNL1/Spc105 seems
to have the ability to bind to microtubules directly [38]. The
puriﬁed components of the KMN network described above
can spontaneously assemble into a higherorder complex, in
which the Ndc80 binding interface is created by the mutual ac-tion of the KNL1/Spc105 polypeptide and the Mis12 complex,
neither of which, when isolated, is competent in binding the
Ndc80 complex [38]. Thus, one end of the elongated Ndc80
complex, comprising the Spc24–Spc25 globular dimeric head,
might be required to tether the molecule to a ‘‘kinetochore
receptor’’ formed by the KNLl–Mis12 complex (Fig. 2). This
interaction might force the Ndc80 complex into an appropriate
arrangement within the kinetochore whereby the Ndc80/Hec1–
Nuf2 head is poised to interact with the incoming microtu-
bules. Indeed, KNL1 might be required for kinetochore
localization of the Ndc80 complex [21]. Low-resolution elec-
tron microscopy (EM) analyses have revealed that the Ndc80
complex coats a single microtubule polymer at an angle and
with a constant polarity [38]. Lateral association of a few
Ndc80 molecules in a cylindrical fashion would be suﬃcient
to encircle a single microtubule [29] (Fig. 2).
A tentative model for the attachment of microtubules to
kinetochores envisages an ‘‘extended interface’’ of low-aﬃnity
microtubule-binding sites, the properties of which can be mod-
ulated through local protein–protein interactions within the
context of the KMN network [38]. Modulation of the microtu-
bule-binding aﬃnities is indeed evidenced by the fact that upon
the reconstitution of the entire KMN network, the apparent
binding constant is signiﬁcantly increased relative to the indi-
vidual components [38]. This may permit a number of interme-
diate conformations with diﬀering aﬃnity, thereby allowing
two seemingly contradictory but actually complementary pro-
cesses to ﬁt together at the dynamic kinetochore–microtubule
interface, i.e. maintenance of the attachment stability during
the phases of microtubule growth and shrinkage. Previous the-
oretical models have emphasized the requirement for multiple
low-aﬃnity microtubule couplers, capable of sliding along the
dynamic ﬁlaments while maintaining suﬃcient binding energy
[54,55].6. Regulation of microtubule–kinetochore attachments
The conserved Aurora B/Ip11 kinase is the catalytic compo-
nent of the chromosomal passenger complex (CPC), which
contains the three additional subunits INCENP, Survivin
and Borealin [56]. Aurora B/Ip11 has been implicated as the
key regulator of kinetochore–microtubule attachments [4,57].
In S. cerevisiae, the activity of the Ip11 kinase promotes the
turnover of the kinetochore–spindle pole body attachment
and is essential in facilitating chromosome bi-orientation
[57–59]. In mammalian cells, a signiﬁcant increase in the num-
ber of syntelic and merotelic kinetochore attachments occurs
upon the partial inhibition of the Aurora B kinase [27,60–
62]. It has been shown previously that Aurora B/Ip11 controls
the localization and activity of the microtubule depolymerising
kinesin MCAK (a member of the kinesin-13 family). MCAK is
required to destabilize faulty microtubule–kinetochore attach-
ments, and it is believed that Aurora B/Ip11 controls MCAK
activity to promote the breakage of incorrect attachments
[63]. Precisely, how such faulty attachments are recognized
by the Aurora B kinase is a matter open for further debate.
The Ndc80 complex is also emerging as a critical target of the
Aurora B/Ip11 kinase [27,38,59]. The putative AuroraB/Ip11
phosphorylation sites map onto the seemingly unstructured
part of the N-terminal end of the Ndc80/Hec1 subunit ﬂanking
the CH-domain 10 (Fig. 1B), and can be phosphorylated by
2866 C. Ciferri et al. / FEBS Letters 581 (2007) 2862–2869the Aurora B/Ip11 in vitro [27,38]. This 80-residue segment
(not present in the crystal structure of Ndc80) is positively
charged and is required to increase the aﬃnity of microtu-
bule binding [37]. The Aurora B/Ip11 kinase mediated
phosphorylation of the Ndc80 complex causes signiﬁcant
reduction in the microtubule-binding aﬃnity, possibly
through a reduction in the net positive charge in the amino-
terminal segment [37,38]. Prevention of the Aurora B/Ip11
mediated phosphorylation of the Ndc80 complex (e.g. by
microinjection of an antibody, or using point mutations of
the phosphorylation sites to non-phosphorylatable amino
acids, or by small-molecule inhibitors of Aurora B/Ip11)
results in kinetochore hyperstretch due to the stabilization
of the kinetochore–microtubule attachment, high frequency
of merotelic kinetochores and suppression of plus-end
microtubule dynamics [27,60]. Overall, these ﬁndings
strongly suggest that the Ndc80 complex is intimately
involved in the AuroraB/Ip11 mediated correction of impro-
per microtubule attachments.7. Ndc80 and the spindle assembly checkpoint
The spindle assembly checkpoint (SAC, also named the mi-
totic checkpoint or the metaphase checkpoint) is the most
prominent element of feedback control during mitosis [3]. This
device monitors the presence of unattached (i.e. still devoid of
spindle microtubules) or misaligned (i.e. improperly attached)
chromosomes, and relays this signal to delay the activation of
a ubiquitin ligase named anaphase promoting complex or
cyclosome (APC/C) [64]. The APC/C promotes the removal
of sister chromatid cohesion and of the major source of mitotic
kinase activity (delivered by the CDK1/cyclin B complex). This
in turn triggers the anaphase and the subsequent mitotic
exit [64]. Thus, the SAC couples the timing of an intrinsi-
cally stochastic process such as chromosome alignment to
the activation of the APC/C enzyme, whose activity is critically
required to exit mitosis [3].Ndc80 com
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Fig. 3. Interactions between the Ndc80 complex, microtubule binding, and
network are essential to recruit components of the spindle assembly checkpoin
main text). The KMN network is also responsible for microtubule binding,
implicated in the recruitment of several checkpoint proteins to kinetochores. T
kinetochore attachments, such as syntelic and merotelic attachment. This
complex [27,38,52,63].The Ndc80 complex is essential to recruit the SAC proteins
Mad1, Mad2, and Mps1 to unattached kinetochores (Fig. 3),
while it appears to be dispensable in the recruitment of the
additional SAC proteins Bub1, Bub3, and BubR1 [17,20,
22,24,25,32,33,36,49]. Despite strong reduction in the kineto-
chore levels of Mad1, Mad2, and Mps1, there have been re-
ports that RNAi-mediated depletions of Ndc80/Hec1 or
Nuf2 in mammalian cells result in a Mad2-dependent mitotic
arrest [17,20,22,24,32,33]. Most likely, this is due to residual
kinetochore recruitment of the checkpoint proteins. Consistent
with this hypothesis, more complete depletions of Ndc80 com-
plex subunits, or interference with their function, abrogate the
SAC [22,25,36]. The SAC is also abrogated after the depletion
of HsMcm1 (a subunit of the Ctf19 complex) and HsNnf1
(a subunit of the Mtw1/Mis12 complex) [44].
Altogether, these results establish a tight connection between
the microtubule-binding machinery of the outer kinetochore
and the recruitment and activation of the SAC. Speciﬁcally,
the available data indicate that the integrity of the outer kine-
tochore is essential for mitotic checkpoint function. So far, it
has been impossible to identify direct binding interactions be-
tween the Ndc80 complex and Mad1, Mad2, and Mps1, the
SAC components whose kinetochore recruitment requires the
Ndc80 complex. The identiﬁcation of such points of contact
will be instrumental to decipher the signals controlling the
SAC. As the SAC is exquisitely sensitive to the state of micro-
tubule attachment, the connection between the microtubule-
binding machinery at the outer kinetochore and the SAC
predicts the existence of feedback mechanisms that couple
SAC activity to the state of microtubule-kinetochore attach-
ment [3] (Fig. 3). An example of feedback, which we have
analyzed above, is provided by the activation of the Aurora
B/Ipl1 kinase by improperly attached kinetochores. Another
example of feedback is represented by the microtubule-depen-
dent ‘‘stripping’’ of Mad1, Mad2, Mps1, and other kineto-
chore proteins by the microtubule motor Dynein [3].
Understanding the molecular bases of these control mecha-
nisms must be a goal for future studies.plex
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The studies discussed in this review identify the Ndc80 com-
plex as a prominent player in the process of microtubule–kine-
tochore attachment and raise a number of interesting questions
for future analyses. A pressing issue, which will be probably
answered by biochemical reconstitution and direct structural
investigations, concerns the signiﬁcance of the interaction of
the Ndc80 complex with its partners in the KMN network,
KNL1/Spc105, and the MIND complex. A deeper analysis
of the organization of this complex is required to gain a molec-
ular understanding of the microtubule-kinetochore interface.
It is also important to understand how the Ndc80 complex
(or more generally, the KMN network) interacts with the inner
layer of the kinetochore. Identifying the receptor activity
responsible for this represents a challenge for the future. To re-
main within the realm of the protein-protein interaction net-
work involving the Ndc80 complex, another interesting and
still poorly explored relationship is the one linking the
Ndc80 complex to certain components of the nuclear pore
complex (NPC). Speciﬁcally, the Ndc80 complex is important
in mitosis for kinetochore recruitment of several proteins that
reside at the NPC during interphase, including the Nup107–
160 NPC sub-complex, Mad1-Mad2, Mps1, Crm1, and the
RanGAP1-RanBP2 complex [31,32,65–67]. Prior to relocating
from the centrosomes to the kinetochores, the Ndc80 complex
transits through the nuclear envelope [20], where it possibly
combines with these proteins. The prediction goes that this
pathway might be suppressed in organisms undergoing closed
mitoses (i.e. mitoses that do not imply the disassembly of the
nuclear envelope), such as S. cerevisiae [49].
There is much to be learnt also for what concerns the regu-
lation of the Ndc80 complex. The Aurora B/Ipl1 kinase is
emerging as a global regulator of the microtubule-kinetochore
attachment process. Understanding how Aurora B regulates
this process will shed light on the mechanisms that allow the
correction of attachment errors (syntelic and merotelic attach-
ment) that occur frequently during prometaphase [60]. In bud-
ding yeast the Ndc80 complex interacts with the Dam1 (also
known as DASH or DDD) complex, which oligomerizes into
a ring around microtubules [43,68]. The Dam1/DASH/DDD
complex can harness energy from depolymerising microtubules
to produce directional movement along the lattice [69,70]. Like
the Ndc80 complex, the Dam1/DASH/DDD complex and the
Dsn1 subunit of the Mtw1/Mis12 complex are also targets of
the Aurora B/Ipl1 kinase activity [43,59]. This raises the possi-
bility that the kinase activity of Aurora B/Ipl1 co-regulates the
interaction of the KMN network and of the Dam1/DASH/
DDD complex at the microtubule plus ends. Given the conser-
vation from yeast to humans of proteins at the microtubule–
kinetochore interface, one would expect to be able to identify
metazoan homologues of the Dam1/DASH/DDD complex. As
the search has been unsuccessful until now, it is possible that
the function of the Dam1/DASH/DDD complex is carried
out by a purely functional homologue, rather then by a se-
quence-related orthologue. MCAK and other members of
the kinesin-13 family form rings around microtubules that
are reminiscent of those formed by the Dam1/DASH/DDD
complex [71]. Although it is not known whether MCAK inter-
acts with the Ndc80 complex, the parallel between MCAK and
the Dam1/DASH/DDD complex is reinforced by the observa-
tion that they are both targeted by the kinase activity of Aur-ora B/Ipl1 [63] (Fig. 2). Thus, MCAK might act as a functional
homologue of the Dam1/DASH/DDD complex, a hypothesis
that awaits clariﬁcation.
Acknowledgements: Research in A. Musacchio’s laboratory is funded
by the Association for International Cancer Research (AICR), the
Telethon Foundation, the EU FP6 program contracts 3D-Repertoire
and Mitocheck, the Italian Association for Cancer Research (AIRC),
the Italian Foundation for Cancer Research (FIRC), the Fondo di
Investimento per la Ricerca di Base (FIRB), the Italian Ministry of
Health, and the Fondazione Cariplo. We apologize to authors whose
work could not be discussed due to stringent space restrictions.
References
[1] Nasmyth, K. (2001) Disseminating the genome: joining, resolving,
and separating sister chromatids during mitosis and meiosis.
Annu. Rev. Genet. 35, 673–745.
[2] Cleveland, D.W., Mao, Y. and Sullivan, K.F. (2003) Centromeres
and kinetochores: from epigenetics to mitotic checkpoint signal-
ing. Cell 112, 407–421.
[3] Musacchio, A. and Hardwick, K.G. (2002) The spindle check-
point: structural insights into dynamic signalling. Nat. Rev. Mol.
Cell Biol. 3, 731–741.
[4] Tanaka, T.U., Stark, M.J. and Tanaka, K. (2005) Kinetochore
capture and biorientation on the mitotic spindle. Nat. Rev. Mol.
Cell Biol. 6, 929–942.
[5] Maiato, H., DeLuca, J., Salmon, E.D. and Earnshaw, W.C.
(2004) The dynamic kinetochore–microtubule interface. J. Cell
Sci. 117, 5461–5477.
[6] Kline-Smith, S.L., Sandall, S. and Desai, A. (2005) Kinetochore–
spindle microtubule interactions during mitosis. Curr. Opin. Cell
Biol. 17, 35–46.
[7] Kotwaliwale, C. and Biggins, S. (2006) Microtubule capture:
a concerted eﬀort. Cell 127, 1105–1108.
[8] McAinsh, A.D., Tytell, J.D. and Sorger, P.K. (2003) Structure,
function, and regulation of budding yeast kinetochores. Annu.
Rev. Cell Dev. Biol. 19, 519–539.
[9] Meraldi, P., McAinsh, A.D., Rheinbay, E. and Sorger, P.K.
(2006) Phylogenetic and structural analysis of centromeric DNA
and kinetochore proteins. Genome Biol. 7, R23.
[10] Howe, M., McDonald, K.L., Albertson, D.G. and Meyer, B.J.
(2001) HIM-10 is required for kinetochore structure and function
on Caenorhabditis elegans holocentric chromosomes. J. Cell Biol.
153, 1227–1238.
[11] Zheng, L., Chen, Y. and Lee, W.H. (1999) Hec1p, an evolution-
arily conserved coiled-coil protein, modulates chromosome seg-
regation through interaction with SMC proteins. Mol. Cell Biol.
19, 5417–5428.
[12] Wigge, P.A., Jensen, O.N., Holmes, S., Soues, S., Mann, M. and
Kilmartin, J.V. (1998) Analysis of the Saccharomyces spindle pole
by matrix-assisted laser desorption/ionization (MALDI) mass
spectrometry. J. Cell Biol. 141, 967–977.
[13] Chen, Y., Riley, D.J., Chen, P.L. and Lee, W.H. (1997) HEC, a
novel nuclear protein rich in leucine heptad repeats speciﬁcally
involved in mitosis. Mol. Cell Biol. 17, 6049–6056.
[14] Nabetani, A., Koujin, T., Tsutsumi, C., Haraguchi, T. and
Hiraoka, Y. (2001) A conserved protein, Nuf2, is implicated in
connecting the centromere to the spindle during chromosome
segregation: a link between the kinetochore function and the
spindle checkpoint. Chromosoma 110, 322–334.
[15] Janke, C., Ortiz, J., Lechner, J., Shevchenko, A., Shevchenko, A.,
Magiera, M.M., Schramm, C. and Schiebel, E. (2001) The
budding yeast proteins Spc24p and Spc25p interact with Ndc80p
and Nuf2p at the kinetochore and are important for kinetochore
clustering and checkpoint control. EMBO J. 20, 777–791.
[16] Wigge, P.A. and Kilmartin, J.V. (2001) The Ndc80p complex
from Saccharomyces cerevisiae contains conserved centromere
components and has a function in chromosome segregation. J.
Cell Biol. 152, 349–360.
[17] DeLuca, J.G., Moree, B., Hickey, J.M., Kilmartin, J.V. and
Salmon, E.D. (2002) hNuf2 inhibition blocks stable kinetochore–
microtubule attachment and induces mitotic cell death in HeLa
cells. J. Cell Biol. 159, 549–555.
2868 C. Ciferri et al. / FEBS Letters 581 (2007) 2862–2869[18] Le Masson, I., Saveanu, C., Chevalier, A., Namane, A., Gobin,
R., Fromont-Racine, M., Jacquier, A. and Mann, C. (2002) Spc24
interacts with Mps2 and is required for chromosome segregation,
but is not implicated in spindle pole body duplication. Mol.
Microbiol. 43, 1431–1443.
[19] Appelgren, H., Kniola, B. and Ekwall, K. (2003) Distinct
centromere domain structures with separate functions demon-
strated in live ﬁssion yeast cells. J. Cell Sci. 116, 4035–4042.
[20] Hori, T., Haraguchi, T., Hiraoka, Y., Kimura, H. and Fukagawa,
T. (2003) Dynamic behavior of Nuf2–Hecl complex that localizes
to the centrosome and centromere and is essential for mitotic
progression in vertebrate cells. J. Cell Sci. 116, 3347–3362.
[21] Desai, A., Rybina, S., Muller-Reichert, T., Shevchenko, A.,
Hyman, A. and Oegema, K. (2003) KNL-1 directs assembly of the
microtubule-binding interface of the kinetochore in C. elegans.
Genes Dev. 17, 2421–2435.
[22] McCleland, M.L., Gardner, R.D., Kallio, M.J., Daum, J.R.,
Gorbsky, G.J., Burke, D.J. and Stukenberg, P.T. (2003) The
highly conserved NdcSO complex is required for kinetochore
assembly, chromosome congression, and spindle checkpoint
activity. Genes Dev. 17, 101–114.
[23] Cheeseman, I.M., Niessen, S., Anderson, S., Hyndman, F., Yates
3rd., J.R., Oegema, K. and Desai, A. (2004) A conserved protein
network controls assembly of the outer kinetochore and its ability
to sustain tension. Genes Dev. 18, 2255–2268.
[24] Bharadwaj, R., Qi, W. and Yu, H. (2004) Identiﬁcation of two
novel components of the human NDCSO kinetochore complex. J.
Biol. Chem. 279, 13076–13085.
[25] McCleland, M.L., Kallio, M.J., Barrett-Wilt, G.A., Kestner,
C.A., Shabanowitz, J., Hunt, D.F., Gorbsky, G.J. and Stuken-
berg, P.T. (2004) The vertebrate Ndc80 complex contains Spc24
and Spc25 homologs, which are required to establish and
maintain kinetochore–microtubule attachment. Curr. Biol. 14,
131–137.
[26] DeLuca, J.G., Dong, Y., Hergert, P., Strauss, J., Hickey, J.M.,
Salmon, E.D. and McEwen, B.F. (2005) Heel and nuf2 are core
components of the kinetochore outer plate essential for organizing
microtubule attachment sites. Mol. Biol. Cell 16, 519–531.
[27] DeLuca, J.G., Gall, W.E., Ciferri, C., Cimini, D., Musacchio, A.
and Salmon, E.D. (2006) Kinetochore microtubule dynamics and
attachment stability are regulated by Hecl. Cell 127, 969–982.
[28] Liu, S.T., Rattner, J.B., Jablonski, S.A. and Yen, T.J. (2006)
Mapping the assembly pathways that specify formation of the
trilaminar kinetochore plates in human cells. J. Cell Biol. 175, 41–53.
[29] Emanuele, M.J., McCleland, M.L., Satinover, D.L. and Stuken-
berg, P.T. (2005) Measuring the stoichiometry and physical
interactions between components elucidates the architecture of
the vertebrate kinetochore. Mol. Biol. Cell 16, 4882–4892.
[30] Joglekar, A.P., Bouck, D.C., Molk, J.N., Bloom, K.S. and
Salmon, E.D. (2006) Molecular architecture of a kinetochore–
microtubule attachment site. Nat. Cell Biol. 8, 581–585.
[31] Zuccolo, M., Alves, A., Galy, V., Bolhy, S., Formstecher, E.,
Racine, V., Sibarita, J.B., Fukagawa, T., Shiekhattar, R., Yen, T.
and Doye, V. (2007). The human Nup 107–160 nuclear pore
subcomplex contributes to proper kinetochore functions. EMBO
J (Epub ahead of print).
[32] Martin-Lluesma, S., Stucke, V.M. and Nigg, E.A. (2002) Role of
Hec 1 in spindle checkpoint signaling and kinetochore recruitment
of Mad1/Mad2. Science 297, 2267–2270.
[33] DeLuca, J.G., Howell, B.J., Canman, J.C., Hickey, J.M., Fang,
G. and Salmon, E.D. (2003) Nuf2 and Hee 1 are required for
retention of the checkpoint proteins Mad1 and Mad2 to kineto-
chores. Curr. Biol. 13, 2103–2109.
[34] He, X., Rines, D.R., Espelin, C.W. and Sorger, P.K. (2001)
Molecular analysis of kinetochore–microtubule attachment in
budding yeast. Cell 106, 195–206.
[35] De Wulf, P., McAinsh, A.D. and Sorger, P.K. (2003) Hierarchical
assembly of the budding yeast kinetochore from multiple
subcomplexes. Genes Dev. 17, 2902–2921.
[36] Meraldi, P., Draviam, V.M. and Sorger, P.K. (2004) Timing and
checkpoints in the regulation of mitotic progression. Dev. Cell 7,
45–60.
[37] Wei, R.R., Al-Bassam, J. and Harrison, S.C. (2007) The Ndc80/
HECl complex is a contact point for kinetochore–microtubule
attachment. Nat. Struct. Mol. Biol. 14, 54–59.[38] Cheeseman, I.M., Chappie, J.S., Wilson-Kubalek, E.M. and
Desai, A. (2006) The conserved KMN network constitutes the
core microtubule-binding site of the kinetochore. Cell 127, 983–
997.
[39] Liu, X., McLeod, I., Anderson, S., Yates 3rd, J.R. and He, X.
(2005) Molecular analysis of kinetochore architecture in ﬁssion
yeast. EMBO J. 24, 2919–2930.
[40] Lin, Y.T., Chen, Y., Wu, G. and Lee, W.H. (2006) Hec 1
sequentially recruits Zwint- 1 and ZW10 to kinetochores for
faithful chromosome segregation and spindle checkpoint control.
Oncogene 25, 6901–6914.
[41] Kops, G.J., Kim, Y., Weaver, B.A., Mao, Y., McLeod, I., Yates
3rd., J.R., Tagaya, M. and Cleveland, D.W. (2005) ZW10 links
mitotic checkpoint signaling to the structural kinetochore. J. Cell
Biol. 169, 49–60.
[42] Obuse, C., Iwasaki, O., Kiyomitsu, T., Goshima, G., Toyoda, Y.
and Yanagida, M. (2004) A conserved Mis12 centromere complex
is linked to heterochromatic HP1 and outer kinetochore protein
Zwint-1. Nat. Cell Biol. 6, 1135–1141.
[43] Westermann, S., Cheeseman, I.M., Anderson, S., Yates 3rd., J.R.,
Drubin, D.G. and Barnes, G. (2003) Architecture of the budding
yeast kinetochore reveals a conserved molecular core. J. Cell Biol.
163, 215–222.
[44] McAinsh, A.D., Meraldi, P., Draviam, V.M., Toso, A. and
Sorger, P.K. (2006) The human kinetochore proteins Nnf1R and
Mcm21R are required for accurate chromosome segregation.
EMBO J. 25, 4033–4049.
[45] Nekrasov, V.S., Smith, M.A., Peak-Chew, S. and Kilmartin, J.V.
(2003) Interactions between centromere complexes in Saccharo-
myces cerevisiae. Mol. Biol. Cell 14, 4931–4946.
[46] Asakawa, H., Hayashi, A., Haraguchi, T. and Hiraoka, Y. (2005)
Dissociation of the Nuf2-Ndc80 complex releases centromeres
from the spindle-pole body during meiotic prophase in ﬁssion
yeast. Mol. Biol. Cell 16, 2325–2338.
[47] Wei, R.R., Sorger, P.K. and Harrison, S.C. (2005) Molecular
organization of the Ndc80 complex, an essential kinetochore
component. Proc. Natl. Acad. Sci. USA 102, 5363–5367.
[48] Ciferri, C., De Luca, J., Monzani, S., Ferrari, K.J., Ristic, D.,
Wyman, C., Stark, H., Kilmartin, J., Salmon, E.D. and Musac-
chio, A. (2005) Architecture of the human ndc80–hec 1 complex, a
critical constituent of the outer kinetochore. J. Biol. Chem. 280,
29088–29095.
[49] Gillett, E.S., Espelin, C.W. and Sorger, P.K. (2004) Spindle
checkpoint proteins and chromosome–microtubule attachment in
budding yeast. J. Cell Biol. 164, 535–546.
[50] Matsudaira, P. (1991) Modular organization of actin crosslinking
proteins. Trends Biochem. Sci. 16, 87–92.
[51] Slep, K.C., Rogers, S.L., Elliott, S.L., Ohkura, H., Kolodziej,
P.A. and Vale, R.D. (2005) Structural determinants for EB1-
mediated recruitment of APC and spectraplakins to the microtu-
bule plus end. J. Cell Biol. 168, 587–598.
[52] Wei, R.R., Schnell, J.R., Larsen, N.A., Sorger, P.K., Chou, J.J.
and Harrison, S.C. (2006) Structure of a central component of the
yeast kinetochore: the Spc24p/Spc25p globular domain. Structure
14, 1003–1009.
[53] Emanuele, M., Burke, D.J. and Stukenberg, P.T. (2007) A Hec
of a microtubule attachment. Nat. Struct. Mol. Biol. 14, 11–
13.
[54] Peskin, C.S. and Oster, G.F. (1995) Force production by
depolymerizing microtubules: load–velocity curves and run-pause
statistics. Biophys. J. 69, 2268–2276.
[55] Hill, T.L. (1985) Theoretical problems related to the attachment
of microtubules to kinetochores. Proc. Natl. Acad. Sci. USA 82,
4404–4408.
[56] Vader, G., Medema, R.H. and Lens, S.M. (2006) The chromo-
somal passenger complex: guiding Aurora-B through mitosis. J.
Cell Biol. 173, 833–837.
[57] Pinsky, B.A., Kung, C., Shokat, K.M. and Biggins, S. (2006) The
Ipll-Aurora protein kinase activates the spindle checkpoint by
creating unattached kinetochores. Nat. Cell Biol. 8, 78–83.
[58] Tanaka, T.U., Rachidi, N., Janke, C., Pereira, G., Galova, M.,
Schiebel, E., Stark, M.J. and Nasmyth, K. (2002) Evidence that
the Ipll–Slil5 (Aurora kinase-INCENP) complex promotes chro-
mosome bi-orientation by altering kinetochore–spindle pole
connections. Cell 108, 317–329.
C. Ciferri et al. / FEBS Letters 581 (2007) 2862–2869 2869[59] Cheeseman, I.M., Anderson, S., Jwa, M., Green, E.M., Kang, J.,
Yates, J.R., Chan, C.S., Drubin, D.G. and Barnes, G. (2002)
Phospho-regulation of kinetochore–microtubule attachments by
the aurora kinase ipllp. Cell 111, 163–172.
[60] Cimini, D., Wan, X., Hirel, C.B. and Salmon, E.D. (2006) Aurora
kinase promotes turnover of kinetochore microtubules to reduce
chromosome segregation errors. Curr. Biol. 16, 1711–1718.
[61] Knowlton, A.L., Lan, W. and Stukenberg, P.T. (2006) Aurora B
is enriched at merotelic attachment sites, where it regulates
MCAK. Curr. Biol. 16, 1705–1710.
[62] Lampson, M.A., Renduchitala, K., Khodjakov, A. and Kapoor,
T.M. (2004) Correcting improper chromosome–spindle attach-
ments during cell division. Nat. Cell Biol. 8, 8.
[63] Gorbsky, G.J. (2004) Mitosis: MCAK under the aura of Aurora
B. Curr. Biol. 14, R346–R348.
[64] Peters, J.M. (2006) The anaphase promoting complex/cyclosome: a
machine designed to destroy. Nat. Rev. Mol. Cell Biol. 7, 644–656.
[65] Arnaoutov, A., Azuma, Y., Ribbeck, K., Joseph, J., Boyarchuk,
Y., Karpova, T., McNally, J. and Dasso, M. (2005) Crml is a
mitotic eﬀector of Ran-GTP in somatic cells. Nat. Cell Biol. 7,
626–632.[66] Joseph, J., Liu, S.T., Jablonski, S.A., Yen, T.J. and Dasso, M.
(2004) The RanGAPl–RanBP2 complex is essential for microtu-
bule–kinetochore interactions in vivo. Curr. Biol. 14, 611–617.
[67] Liu, S.T., Chan, G.K.T., Kittle, J.C., Fujii, G., Lees, E. and Yen,
T.J. (2003) Human MPS1 kinase is required for mitotic arrest
induced by the loss of CENP-E from kinetochores. Mol. Biol. Cell
14, 1638–1651.
[68] Miranda, J.J., De Wulf, P., Sorger, P.K. and Harrison, S.C.
(2005) The yeast DASH complex forms closed rings on micro-
tubules. Nat. Struct. Mol. Biol. 12, 138–143.
[69] Westermann, S., Wang, H.W., Avila-Sakar, A., Drubin, D.G.,
Nogales, E. and Barnes, G. (2006) The Daml kinetochore ring
complex moves processively on depolymerizing microtubule ends.
Nature 440, 565–569.
[70] Asbury, C.L., Gestaut, D.R., Powers, A.F., Franck, A.D. and
Davis, T.N. (2006) The Daml kinetochore complex harnesses
microtubule dynamics to produce force and movement. Proc.
Natl. Acad. Sci. USA 103, 9873–9878.
[71] Tan, D., Asenjo, A.B., Mennella, V., Sharp, D.J. and Sosa, H.
(2006) Kinesin-13s form rings around microtubules. J. Cell Biol.
175, 25–31.
